Abstract: This work illustrates the significance of kinetic parameters of nucleation and thermal decomposition for Pyridine-2-carboxylic acid crystals. In the interest of maximizing the growth condition for the production of single crystals, nucleation parameters such as interfacial energy (σ), volume free energy (∆Gv), critical energy barrier for nucleation (∆G * ), radius of the critical nucleus (r * ) and nucleation rate (J) were determined from the classical nucleation theory of solubility-enthalpy relation. The optimized geometry of the compound was computed from the DFT-B3LYP gradient calculations employing 6-31G(d,p) basis set and its vibrational frequencies were evaluated. Based on the vibrational analysis, the thermodynamic parameters were obtained and the correlative equations between these thermodynamic properties and variation in temperatures were also reported.
Introduction
Pyridine-2-carboxylic acid (2PA) are used as building blocks in crystal engineering and many coordination polymers. These are beneficial compounds for human organism and are also involved in several essential biochemical processes. 2PA has been used as a valuable chelating agent. [1] It is not only a potential proton acceptor but also a proton donor depending on the deprotonated groups. [2] The growth aspects of pyridine-2-carboxylic crystals have been studied in the past, but there are no reports on the nucleation kinetics and DFT study of this organic material. In the present work, the nucleation parameters such as interfacial energy (σ), volume free energy (∆Gv), critical energy barrier for nucleation (∆G * ), radius of the critical nucleus (r * ) and nucleation rate (J) were evaluated. [3] The thermodynamic parameters from the vibration analysis were compared to the enthalpy obtained from solubility to predict the stability of the crystal. DFT methods were performed to acquire the vibration information on the optimized geometry, relationships between molecular structure, hydrogen bonding and hyperpolarizability, and thus, non-linear response of the title compound was obtained. This can be used to support the effort towards the discovery of new efficient materials for technological applications by the design strategy for engineering of crystals with predesigned architecture, especially, in the field of nonlinear optics. [4] 
Nucleation Kinetics
Nucleation study is useful to interpret proper supersaturation to provide controlled nucleation rate to obtain good quality single crystals. [5] The concept of nucleation kinetics was introduced by Gibbs. Nucleation is the initial process that occurs in the formation of a crystal from a solution, in which a small number of ions become arranged in a pattern, forming a site on which additional particles are deposited as the crystal grows. To generate a new nucleus from the parent phase, the nucleation process must overcome the potential barrier; this is done using the process of super saturation, which results in the formation of seed nuclei. The process of nucleation is controlled by nucleation rate parameter, which plays a key role in new phase formation.
At the solution-crystal interface, the interfacial energy is formed, which is a crucial parameter in the theo-ries of nucleation and crystal growth. However, certain difficulties were encountered in the nucleation experiments such as the requirement of a solution free from foreign particles, volume of the solution and so on. Theoretical attempts have been made by several researchers to estimate the interfacial energy using solubility data.
Interfacial energy of the solid and liquid interface is an important phenomenon in the nucleation process. Based on the solution kinetics theory, Bennema and Sohnel [6] have derived an expression that explains the linear dependence of interfacial energy (σ) on solubility:
where, σ -interfacial energy (J/m 2 ); k -Boltzmann con-
The relation between solubility and enthalpy of a real solution is given as: [7] ln χm = (−∆Hs /RT) + (∆S E /R) (2) ∆Hs -Enthalpy of fusion (J mol −1 )
∆S E -Excess entropy of mixing. From the reported nucleation kinetics equations, nucleation parameters such as interfacial energy (σ), volume free energy (∆Gv), critical energy barrier for nucleation (∆G * ), radius of the critical nucleus (r * ) and nucleation rate (J) of 2PA crystal was calculated for various temperatures with constant variation in the super saturation ratio and vice versa.
Experimental

Materials and methods
The chemical used in this experiment was an analytical reagent as received from the commercial sources without further purification. Pyridine-2-carboxylic acid was purchased from Alfa Aesar. The solubility studies of 2PA were carried out in a constant temperature bath with temperature accuracy ± 0.01 ∘ C. The solute was added to double distilled water until the saturation condition was reached. The equilibrium concentration of the solute was analyzed gravimetrically. The experiment was repeated at different temperatures.
Computational Methods
GAUSSIAN 09 quantum chemical software [8] was used for all the calculations. The molecular structure of pyridine-2-carboxylic acid was optimized by Berny's optimization algorithm using redundant internal co-ordinates at the DFT level, using the closed-shell Becke-Lee-YangParr hybrid exchange-correlation three-parameter functional (B3LYP) in combination with 6-31G(d,p) basis set to derive the complete geometry optimizations and normal mode analysis on isolated entities. [9] [10] [11] The frontier molecular orbitals (HOMO and LUMO) are generated at DFT/B3LYP/6-31G(d,p) level to explain the electronic and optical properties. The important quantum chemical molecular properties, that is, the global reactivity descriptors have been calculated using the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). [12] [13] [14] [15] [16] [17] The first hyperpolarizability (β) and the static polarizability (α) of 2PA have been predicted using the DFT/ B3LYP/6-31G(d,p) method. Using the third rank tensor, the 27 components of 3D matrix can be reduced to 10 components due to the Kleinmann symmetry. [18, 19] The output from Gaussian 09 provides ten components of this matrix as βxxx, βyxx, βxyy, βyyy, βzxx, βxyz, βzyy, βxzz, βyzz, βzzz, respectively. The following equation renders the results of components of first hyperpolarizability:
where, βx = βxxx+ βxyy + βxzz; βy = βyyy + βyxx + βyzz; βz = βzzz + βzxx + βzyy
The equations for calculating the magnitude of static polarizability is defined as follows:
4 Results and Discussion
Metastable zone width (MZW)
The knowledge of MZW will help us in the selection of an optimum rate of supersaturation generation to avoid the exercise for secondary nucleation. The difference between the equilibrium temperature and nucleation temperature in the nucleation curve is called the metastable zone width. The nucleation temperature for each saturation temperature can be calculated using the data represented in Figure 1 . In this work, the theoretically calculated values of metastable zone width for the crystallization temperatures of crystals using the slow evaporation method have been reported for the first time. From the results, it is observed that the zone width is narrow at lower temperatures and broader at higher temperatures. Table 1 enlists the estimated nucleation parameters of 2PA with different temperatures. The change in free energy per unit volume (∆Gv) decreases with an increase in the supersaturation, which drives the crystallization process. Figure 2 shows the variation of energy barrier (∆G * ) with respect to temperature. Figure 3 shows the change in critical radius (r * ) as a function of temperature as well as the supersaturation. Decrease in interfacial energy (σ) (as shown in Table 1 ) with higher values of temperature leads to a decrease in the radius of the critical nuclei and causes the decreases in the free energy of the system. From the classical nucleation theory diagram, this implies that volume free energy decreases and surface free energy increases, which starts the growth of the crystal. 
Equilibrium Concentration of Pyridine-2-carboxylic acid crystals
The solubility data of Pyridine-2-carboxylic acid crystal is fitted to a second order polynomial equation form for all the equilibrium temperatures. [20] C sat = −0.0312746T 2 + 26.2771T − 5083.14 (5)
Correlative equation (5) is used to obtain the saturation concentration of any temperature for Pyridine-2-carboxylic acid crystals. Table 2 shows that there is a de- 
Frontier molecular orbital analysis
The energy gap of HOMO-LUMO explains the eventual charge transfer interactions within the conformers. The HOMO and LUMO energies of 2PA, as calculated by DFT/B3LYP/6-31G(d,p) method, are as follows: HOMO energy, E HOMO = −7.092eV LUMO energy, E LUMO = −1.630eV HOMO-LUMO energy gap, [22] 
The gap between HOMO and LUMO has been used to prove the bioactivity from intramolecular charge transfer. The plots of HOMO and LUMO are shown in Figure 4 . The computed high value of HOMO-LUMO energy gap (5.46118 eV) in 2PA confirms the chemical stability of the molecule. [21] [22] [23] [24] [25] The global reactivity descriptors, such as ionization potential (I), electron affinity (A), electrophilicity index (ω), chemical hardness (η), softness (S) and chemical potential (µ), have been calculated using the energy of HOMO and LUMO. The values are listed in Table 3 . 
NLO studies -First order hyperpolarizability
The values of αo and β components of the Gaussian 09w output are reported in atomic units (a.u.); and the calculated values should be converted into electrostatic units (esu). The polarizability and the first hyperpolarizability of 2PA are 1.0405 x 10 −23 esu and 4.1027 x 10 −31 esu, respectively. The first hyperpolarizability of the title compound is 1.1 times greater than those of urea (β of urea is 0.3728 x 10 −30 esu obtained by HF/6-311G(d,p) method).
Conclusion
The study evaluates the nucleation parameters of the title compound. The interfacial energy and the energy barrier for nucleation decreases with an increase in temperature. The values of kinetic parameters obtained by the application of different equations are in good agreement with each other. This confirms that the evaluated nucleation parameters are feasible for the growth of 2PA crystals. The first-order hyperpolarizability, polarizability and quantum chemical molecular orbital properties of 2PA are computed at the DFT level and the results are discussed.
